ABSTRACT The effect of an induced molt and a second egg laying cycle on White Leghorns hen's skeletal integrity was investigated in a series of 3 experiments. Using dual-energy X-ray absorptiometry, bone mineral density (BMD) and bone mineral content (BMC) of the left tibia and humerus were measured in live hens and excised bones and correlated with invasive bone measurement tests, egg traits, and the incidence of broken bones in carcasses of processed hens. The results of all 3 experiments showed that an induced molt was detrimental to skeletal integrity. For hens that were repeatedly scanned throughout the second cycle of lay, the BMD of the humerus never recovered after the molt. Recovery of tibial BMD to premolt values occurred late in the second cycle
INTRODUCTION
Osteoporosis is defined as a progressive decrease in the amount of mineralized structural bone leading to skeletal fragility and susceptibility to fracture (Whitehead, 2004) . As a pathological condition, osteoporosis was associated very early with the underlying cause of cage layer fatigue (Webster, 2004) . This condition of bone loss was described soon after the introduction and adoption of battery cages in commercial layer facilities (Couch, 1955) . Webster (2004) pointed out that bone brittleness was characteristic of cage layer fatigue, and many hens diagnosed with this condition had broken bones. Keeping the birds during their entire productive life in battery cages, as compared with litter floor systems, exacerbated the condition due to limited bird activity. Clearly, a severe welfare problem emerged and has been implicated in the manifestation To whom correspondence should be addressed: hmazzuco@ purdue.edu. 
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of lay when egg production was declining. The in vivo BMD scans conducted between 77 and 117 wk of age correlated with bone breaking force and bone ash weight (r = 0.58 and r = 0.65, respectively; P < 0.0001). The percentage of freshly broken bones per bird at the end of processing at 126 wk of age averaged 34% and ranged from 0 to 61%. The incidence of broken bones was negatively correlated with the excised tibial BMD and BMC at 126 wk of age (r = −0.54 and r = −0.53, respectively; P < 0.05). In conclusion, feed withdrawal for 10 d during an induced molt was detrimental to the skeletal integrity of hens, and as BMD and BMC of excised tibia at 126 wk of age decreased in White Leghorns, the incidence of bone breakage increased.
of osteoporosis in commercial laying hens. Gregory and Wilkins (1989) reported that 29% of hens had one or more broken bones during time spent in cages, depopulation, and transport for processing. Economic losses arise due to high fracture incidences during carcass processing; the presence of bone splinters in the final meat product has resulted in a decrease in the spent hen market (Brown, 1993) .
As in humans, the etiology of osteoporosis in laying hens is multifactorial with nutritional, environmental, and genetic components (Fleming et al., 2004) . Calcium turnover and metabolism in egg-laying birds is extraordinary when compared with all other classes of vertebrates in the animal kingdom (Miller, 1992) . Bone serves as a calcium and phosphorus reservoir, and in poultry this is particularly important in that each egg shell contains around 2 g of calcium, which is equivalent to 10% of the total body calcium of a layer hen (Loveridge et al., 1992) .
Members of the class Aves have developed a very efficient calcium homeostasis system with some unusual evolutionary adaptations (e.g., medullary bone) that help to avoid a serious and potentially lethal negative calcium balance (Miller, 1992) . Medullary bone develops in those bones that have a vascular marrow and contain at least some hematopoietic marrow tissue (Miller, 1992) . Medullary bone formation is stimulated by the synergistic action of estrogens and androgens accompanying the maturation of the ovarian follicles (Dacke et al., 1993) . Increased circulating estrogen accompanies the onset of sexual maturity, whereas decreases signal a decline in egg production prior to a molt (Beck and Hansen, 2004) . The amount of medullary bone builds up rapidly during the early stages of lay and can continue to accumulate slowly over the remainder of the laying period at the expense of structural bone (Whitehead, 2004) .
As a laying flock ages, its ability to produce eggs diminishes such that it is no longer economically feasible to keep the flock in lay (Holt, 2003) . The option is to send the birds to slaughter, replacing this flock with another, or to extend the effective laying life of the hens by molting (Bell, 2003; Berry, 2003; Holt, 2003) . A national survey conducted by the USDA (2000) found that 74.2% of all flocks in the United States are subjected to an induced molt (Bell, 2003) . Through molt, hens cease their egg production, allowing time for regression of the reproductive tract, and production performance is improved when the hens are restimulated to lay (Webster, 2004) . Feed withdrawal of various durations with photoperiod restriction until body weight is reduced by about 30% is the most commonly used technique by the poultry industry (Keshavarz and Quimby, 2002) . Currently, feed withdrawal is the primary means to initiate molt in commercial layers flocks (Park et al., 2004) .
There are a few studies which report that feed withdrawal during a molt negatively affects the hen's skeleton (Garlich et al., 1984; Newman and Leeson 1999; Yosefi et al., 2003) . Longitudinal studies considering the skeletal integrity of hens before, during, and after an induced molt; continuing through a second egg laying cycle; and at processing are limited in the literature. In view of this, the overall objective of the current study was to determine the effect of an induced molt on the skeletal integrity of a pedigree line of White Leghorns. More specifically, the objectives were 1) to assess the integrity of bones of White Leghorns during an induced molt and a second cycle of egg laying and 2) to determine the correlation of in vivo measurements of skeletal integrity using dual energy Xray absorptiometry (DEXA) with more traditional bone mechanical tests and the incidence of broken bones in carcasses of processed spent hens.
MATERIALS AND METHODS
A series of 3 experiments was conducted using a single flock of approximately 245 hens that were at the end of their first cycle of lay. The hens were a pedigree line of White Leghorn primary breeding stock. They were 4 Norland Medical Systems, Ft. Atkinson, WI.
housed individually in wire cages with each hen having 1,084 cm 2 of floor space. Cages were 4 decks high with 4 rows of cages per side for a total of 8 rows. A molt was induced at 76 wk of age through light restriction (8 h/ d), and feed removal for 10 d followed by the ad libitum consumption of cracked corn for 7 d and a pullet developer diet for 10 d (see Schreiweis et al., 2004 , for composition of the diets). At 27 d postmolt, hens were returned to a photoperiod of 16 h with a light intensity of 5 lx and were provided an egg breeder diet . They were kept on this breeder diet until the end of the experiments. Mortalities and eggs laid by each hen were recorded daily throughout the induced molt and a second cycle of lay. Egg production for the flock was calculated as hen-day egg production (Bell, 2002) .
Hens were monitored in vivo for skeletal integrity by using DEXA. 4 The bone mineral density (BMD; g/cm 2 ) and the bone mineral content (BMC; g) of the left leg (tibia and fibula) and wing (humerus) were measured in live, unanesthetized hens. Birds were restrained on their backs in a foam holding device and secured with straps (Schreiweis et al., 2003) . Scanning began at the proximal end of the bone and took approximately 10 min for each bone. Individual BW was recorded following each live scan. Experiments were conducted under guidelines approved by the Purdue University Animal Care and Use Committee.
For all 3 experiments, the individual hen was the experimental unit with the exception of egg production in which row of birds was the experimental unit. The mixed model procedure of the SAS system (SAS Institute, 1988) was used to conduct the statistical analysis. Differences of least squares means were used to partition means for significant main effects and interactions (Oehlert, 2000) . Pearson correlation coefficients were performed among variables of interest (Steel et al., 1997) .
Experiment 1
A 10-wk trial was conducted when the hens were 76 to 86 wk of age. The DEXA scans were conducted a day before initiation of the molting procedure (designated as d 0 in Figures 1 and 3 ) and at 1, 3, 5, 7, 9, 11, 18, 25, 32, 39 , and 67 d postmolt in 6 molted and 6 nonmolted control hens. Hens used for scanning were selected at random the day before the molt. The nonmolted control hens consumed the breeder diet throughout the experiment and were exposed to an unchanging daily photoperiod of 16 h. An ANOVA with repeated measurements was conducted for BMD and BMC using treatment (molted vs. control hens) as the whole plot with the type of bone (tibia and humerus) within a bird as a subplot. An AN-OVA with repeated measurements was conducted on BW using treatment (molted vs. control hens) and age as fixed effects. An ANOVA was used to examine age effects on egg production of molted hens (n = 245 hens). Because of the small sample size of only 6 control hens, their egg production was not included in the statistical analysis. FIGURE 1. Body weight of White Leghorns subjected to a molt at 76 wk of age as compared with nonmolted controls. Day 0 represents BW the day before the molt. *Asterisk indicates significant difference between treatments (treatment by age interaction, P < 0.0001). Each value represents the mean of 6 hens (experiment 1).
Experiment 2
A 50-wk trial was conducted with 30 randomly selected hens from 67 to 117 wk of age. At 10-wk intervals, 5 live hens were scanned for BMD and BMC and then were euthanized by cervical dislocation. The left humerus and tibia with its fibula were excised. The bones were cleaned of all tissue, wrapped in 0.85% saline-soaked gauze, placed in a plastic bag, and frozen at −7 to −10°C for later analysis of bone breaking force and bone ash (Schreiweis et al., 2003) . Hen-day egg production was calculated for the entire flock of 245 hens on the days birds were scanned. An ANOVA was employed to test for the fixed effects of age and type of bone (tibia and humerus) on bone traits. Only age was used in the ANOVA for BW.
Experiment 3
A 50 wk trial was conducted from 75 to 125 wk of age with 27 hens that had been previously selected at random for the purpose of monitoring skeletal integrity during the first cycle of lay . These same hens were used to monitor skeletal integrity during a molt and second cycle of lay. Densitometric scans were conducted repeatedly on the same 27 hens at 10-wk intervals beginning at 75 wk of age (immediately prior to molt) and ending at 125 wk of age. Egg traits were measured on 2 to 4 eggs collected from each hen at each age and were averaged prior to statistical analysis. Individual egg weight was determined. The yolk and albumen were siphoned from the egg with a syringe, the shell was rinsed and dried at 60°C, and the dry shell weight was recorded. Shell thickness and percentage of shell were determined as described by Klingensmith and Hester (1985) . Henday egg production was calculated for the flock of hens (n = 245). Egg numbers were totaled for the 27 hens that were repeatedly scanned for the entire second cycle of lay so as to correlate DEXA scans with egg production.
In vivo BMD and BMC were analyzed using an AN-OVA. Age was the whole plot with repeated measurements collected at 10-wk intervals between 75 and 125 wk of age. Type of bone (tibia vs. humerus) within a bird was the subplot. An ANOVA was used to examine age effects on BW and egg traits.
At 126 wk of age, 207 hens were processed at the Purdue University abattoir. The day before processing, hens were fasted overnight with water provided ad libitum. Immediately prior to transport, light intensity was lowered to 2.5 lx. Hens were removed from their cages one bird at a time by grasping both legs with one hand and placing the alternate hand under the keel bone prior to lifting her out of the cage and over the feed trough. The hen was kept in an upright position while placing her on the scale for the determination of BW followed by placement into the transportation crate. Seventeen hens were placed into each crate (276 cm 2 /hen) for a total of 13 crates. The last crate was filled with 14 spare Leghorn hens that were not part of the experiment so as to maintain the same stocking density during transport. The 14 spare Leghorns were not included in the carcass analysis for broken bones. The hens were transported 10 miles to Purdue's abattoir where birds were unloaded from the crates one bird at a time by grasping both legs with one hand and placing the alternate hand under the keel bone. Each hen was placed in individual cone-shaped funnels and electrically stunned, and the jugular vein was severed. Hens were scalded in a rotating drum, plucked with a rotating drum containing rubber fingers, shackled, eviscerated, washed, shanks removed, and carcasses placed in a vat of ice. The carcasses were drained and stored in FIGURE 2. Weekly hen-day egg production of 245 hens before, during, and after the molt period compared with nonmolted controls.
a-e Within molted hens, least square means ± SEM with no common letter are significantly different (age effect, P < 0.0001). Each value for molting hens represents the mean of 7 rows of hens with 21 to 36 hens per row (experiment 1). a freezer until each carcass was dissected to determine the incidence of broken bones. Any freshly broken bones observed within a bird would be cumulative covering the period from cage removal through chilling and storage. The dissection procedure (Gregory and Wilkins, 1989) involved thawing the bird, removal of skin from the carcass, separation of wings and legs from the body at the joints, and removal of soft tissues from the bones. The following bones of each carcass were examined for fractures: clavicle, ribs, keel, and the left and right humerus, radius, ulna, tibia, fibula, femur, scapula, coracoid, ischium, and pubis for a total of 23 bones. To detect fractures on the medial surfaces of the ribs and pelvic bones, a finger was inserted through an abdominal incision to detect fractures that might not have been visible from the outside. The percentage of broken bones for a bird was calculated as the number of freshly broken bones found in a carcass divided by 23 (the total number of bones examined) × 100. A frequency histogram was developed to determine which bones were most susceptible to breakage. The incidence of old breaks that had healed and fused together was calculated as the: [(number of left bones broken/207 carcasses) + (number of right bones broken/207 carcasses)] ×100.
The left tibia of 27 out of the 207 processed birds was retained for DEXA scans, biomechanical testing, and bone ash determination as described in experiment 2. These 27 tibias were retrieved from hens that had been scanned repeatedly throughout the second cycle of lay.
RESULTS

Experiment 1
Molted hens lost 28% of their BW by 9 d postmolt with a gradual return to premolt values by d 67 postmolt.
Control hens did not lose weight during the trial ( Figure  1 ). Molted hens ceased egg laying by 77 wk of age with a return to normal egg production by 82 wk of age. Given that there were only 6 hens for controls, egg production remained relatively unchanged during the trial ( Figure  2 ). Hen mortality during the 4-wk molt period was less than 1% (data not presented).
Molted hens as compared with controls experienced a precipitous drop in BMD during the molt (treatment by day of molt interaction, P < 0.0001, Figure 3 ). By 25 d postmolt, molted hens experienced a 28% loss in BMD and a 25% loss in BMC (data not presented) when compared with their premolt values. A gradual recovery in BMD occurred in the molted hens with the return of the higher calcium breeder diet on d 27 of molt.
Experiment 2
During the seventh day of fast of the molt regimen (77 wk of age), the BMD of the tibia decreased as compared with premolt values at 67 wk of age, whereas the BMD of the humerus did not decrease significantly from premolt values until 87 wk of age (bone by age interaction, P < 0.05, Figure 4 ). Recovery of BMD to premolt values occurred at 87 wk of age for the tibia but did not occur until 117 wk of age for the humerus. The BMD values at 117 wk of age for both the humerus and tibia were similar to premolt values (67 wk of age) and occurred when egg production was declining at the end of the second cycle of lay.
The bone by age interaction was not significant for BMC. Both bones declined in BMC at 77 wk of age when hens were in their seventh day of fast (age effect, P < 0.0001, Figure 5 ). As with BMD, values for BMC at 117 wk of age were similar to premolt values at 67 wk of age. 3. Bone mineral density measured in live White Leghorns subjected to a molt between 76 and 80 wk of age as compared with nonmolted control hens. Day 0 represents scans conducted the day before a molt. *Asterisk indicates significant difference between treatments (treatment by day of molt interaction, P < 0.0001). Each value represents 6 hens averaged over 2 bones (tibia and humerus; experiment 1).
Age effects were observed for bone ash weight (P < 0.05) with a significant decline at 77 wk of age (seventh day of fast) and a postmolt recovery at 87 wk of age that was not sustained by 97 wk of age ( Figure 6 ). No age effects occurred with bone breaking force between 77 and 117 wk (Figure 6 ).
Correlations between bone traits and BW are shown in Table 1 . The live DEXA scans for BMD and BMC were positively correlated with bone breaking force (r = 0.58, P < 0.001 and r = 0.41, P < 0.01, respectively). Also, bone ash weight was correlated positively with BMD and BMC (r = 0.65 and r = 0.85, respectively; P < 0.0001). The BMD Within a bone and among ages, least square means ± SEM with no common letter are significantly different (bone by age interaction, P < 0.05). Means represents 5 hens per age. Hen-day egg production for the flock of 245 hens is plotted on the secondary y-axis.
A-D Among ages, least square means for egg production ± SEM with no common letter are significantly different (age effect, P < 0.0001). Each value represents the average of 7 rows of hens with 21 to 36 hens per row (experiment 2).
was positively correlated to BW (r = 0.49, P < 0.01). Within DEXA scans, BMD correlated well with BMC (r = 0.82, P < 0.0001).
Experiment 3
The BMD of the tibia and humerus decreased following the end of molt at 85 wk of age as compared with premolt values at 75 wk of age (Figure 7) . The BMD of the humerus never recovered after the molt as values between 85 and 125 wk of age were significantly lower than premolt values at 75 wk of age. In contrast, the BMD of the tibia was similar to the 75-wk-old premolt values by 105 wk of age Among ages, least square means ± SEM with no common letter are significantly different (age effect, P < 0.0001). Each value represents 5 hens averaged over 2 bones (tibia and humerus). Hen-day egg production for the flock of 245 hens is plotted on the secondary y-axis.
A-D Among ages, least square means for egg production ± SEM with no common letter are significantly different (age effect, P < 0.0001). Each value represents the average of 7 rows with 21 to 36 hens per row (experiment 2). Within bone trait and among ages, least square means ± SEM with no common letter are significantly different. Means represent 5 hens per age over 2 bones (tibia and humerus). with significant increases in tibial BMD occurring at 115 and 125 wk of age (bone by age interaction, P < 0.0001) when egg production was declining.
The postmolt BMC of the tibia at 85 wk of age was significantly lower than the premolt value at 75 wk of age. Recovery in tibial BMC occurred by 105 wk of age with a peak observed at 115 wk of age. The BMC of the humerus remained unchanged from 75 to 115 wk of age with a slight increase occurring at 125 of age (bone by age interaction, P < 0.0001; Figure 8 ). Egg production was declining when the BMC of the tibia and humerus was increasing (115 and 125 wk of age, respectively). In addition, shell thickness (P < 0.001) and percentage of shell (P < 0.01) decreased as hens aged during the second cycle of lay (Figure 9 ). Egg weight and shell weight were not affected by age (data not presented).
The highest frequency of breaks during depopulation, transport, and slaughter occurred in the ribs, ischium, FIGURE 7. The effect of age (75 to 125 wk) on the bone mineral density of the tibia and humerus of live White Leghorns (experiment 3). Hens were subjected to an induced molt between 76 and 80 wk of age.
a-c
Within a bone and among ages, least square means ± SEM with no common letter are significantly different (bone by age interaction, P < 0.0001). Means represent 27 hens per age. Hen-day egg production averaged every 10 wk for the flock of 245 hens is plotted on the secondary y-axis.
A-D Among ages, least square means for egg production ± SEM with no common letter are significantly different (age effect, P < 0.0001). Each value represents the average of 7 rows with 21 to 36 hens per row (experiment 3). Within a bone and among ages, least square means ± SEM with no common letter are significantly different (bone by age interaction, P < 0.0001). Means represents 27 hens per age. Hen-day egg production averaged every 10 wk for the flock of 245 hens is plotted on the secondary y axis.
A-D Among ages, least square means for egg production ± SEM with no common letter are significantly different (age effect, P < 0.0001). Each value represents the average of 7 rows with 21 to 36 hens per row (experiment 3).
pubis, and keel (range of 79.7 to 92.3%, Figure 10 ). Limb bones had the lowest frequency of breakage (range of 0.5 to 4.6%). The incidence of old and healed broken bones was less than 3% (data not presented). Out of 23 bones examined, the percentage of freshly broken bones per bird at the end of processing at 126 wk of age averaged 34% with a range of 0 to 61% (data not presented).
The incidence of broken bones per bird for total bones examined was negatively correlated with the excised tibial BMD and BMC at 126 wk of age (r = −0.54 and r = −0.53, respectively; P < 0.05) and with tibia ash weight at 126 wk of age (r = −0.50, P < 0.05; Table 2 ). The BMD and BMC measured in the excised bones at 126 wk of age showed positive correlations with bone breaking force (r = 0.61 and r = 0.60, respectively; P < 0.01). The BMD measured in live birds and averaged from 85 to 125 wk of age also showed a positive correlation with bone breaking force (r = 0.53, P < 0.05). Incidence of bone breakage was FIGURE 9. The effect of age on eggshell thickness (P < 0.001) and percentage of shell (P < 0.01) of White Leghorns immediately prior to molt (75 wk of age) and during a second cycle of egg laying. not correlated with any of the other traditional measurements of bone traits such as breaking force, stress, or modulus of elasticity. However, strong and positive correlations existed within invasive bone measurements, such as bone breaking force, stress, and modulus of elasticity (r = 0.70 to 0.95, P < 0.0001). Tibia ash weights (r = 0.68, P < 0.0001) and DEXA scans of excised bones (r = 0.71, P < 0.0001 for BMD and r = 0.54, P < 0.05 for BMC) were positively correlated with bone breaking force. A positive correlation existed between tibia ash weight and in vivo BMD and BMC averaged over the age of the birds from 85 to 125 wk of age (r = 0.71, P < 0.0001 and r = 0.54, P < 0.05, respectively) and with excised BMD (r = 0.90, P < 0.0001) and BMC (r = 0.75, P < 0.0001) at 126 wk of age. A positive correlation occurred between in vivo DEXA scans conducted at 10-wk intervals between 85 and 125 wk of age and excised BMD scans at 126 wk of age (r = 0.63, P < 0.001). A negative correlation (r = −0.56, P < 0.01) existed between the total number of eggs produced and tibia ash weight. No other bone measurement tests were significantly correlated with egg production.
The BMD and BMC correlated positively with BW (r = 0.56 and r = 0.75; P < 0.01 and P < 0.0001, respectively, Table 3 ). A strong correlation existed between shell thick- Values for bone traits averaged over the age of the hens and averaged over both bones (the humerus and tibia). Values for BW averaged over the age of the hens. **The r values are significant at P < 0.01. ***The r values are significant at P < 0.0001. ness and percentage shell (r = 0.91, P < 0.0001). The DEXA scans and BW were not correlated with egg traits (% shell, shell thickness, and egg weight); however, BW correlated positively with the total number of eggs produced (r = 0.47, P < 0.05).
DISCUSSION
The results of all 3 experiments showed that the removal of a calcium-enriched breeder diet during an induced molt was detrimental to skeletal integrity. Both the structural pneumatic humerus and the medullary tibia of molted hens experienced decreased BMD and bone ash during molt perhaps due to plummeting estrogen concentrations (Beck and Hansen, 2004) . During a natural molt of White-Crowned sparrows, a "cyclic osteoporosis" was described by Murphy et al. (1992) to characterize the detrimental changes observed in the tibia, which included decreased bone density and an enlargement of the marrow cavity. On a similar note, Garlich et al. (1984) reported that the femur density of White Leghorns molted at 71 wk of age decreased during molt. Yosefi et al. (2003) also observed that tibial ash decreased during an induced molt (feed withdrawal for 8 or 11 d at 67 wk of age), increased slightly during the rest period, and increased markedly at the onset of the second cycle of egg production. Similar to the current study, Park et al. (2004) showed that, although there were no differences in tibia breaking strength between molted hens (66 wk old) and control hens, tibia ash of fasted hens was less than that of nonmolted controls. Gregory et al. (1991) also reported no effect on the breaking strengths of the humerus and tibia at the end of the molting period (53 wk of age) as compared with premolt values, but improvements were noted in both bones at 59 and 86 wk of age during the second cycle of lay. However, Newman and Leeson (1999) showed that feed deprivation of 4 or 8 d in White Leghorns did cause a loss in tibial breaking force, stress, and modulus of elasticity; bone strength increased during subsequent refeeding (to 32 d postmolt) but never returned to prefast levels.
In hens that were repeatedly monitored during the second cycle of lay, recovery in BMD was not evident until 105 wk of age for the tibia with the humerus never returning to premolt values (Figure 8) . Interestingly, recovery in tibial BMD occurred late in the second cycle of lay when egg production was declining. Because fewer eggs were laid, there may have been less need to mobilize calcium from the medullary component of bones like the tibia for shell formation, leading to increased tibial mineralization (117 wk of age in Figure 4 and 115 and 125 wk of age in Figures 7 and 8) . Alternatively, perhaps because of age, hens were less capable of mobilizing and transferring calcium to the shell. For example, as hens age, hormones critical to avian reproduction such as estrogen and its receptor decline (Hansen et al., 2003; Beck and Hansen, 2004) resulting in hens with diminished ability to absorb calcium from the gastrointestinal tract (from 37 to 58 wk of age; Al-Batshan et al., 1994), reabsorb calcium from Values for bone traits averaged over the age of the hens (85 to 125 wk) and averaged over both bones (the humerus and tibia, n = 27).
2
Values for bone mineral density and bone mineral content of the excised tibia of hens processed at 126 wk (n = 27).
3
Carcasses were examined for broken bones at 126 wk of age. Bone breakage values represent the number of broken bones per bird per total bones examined. 4 Sum of the total number of eggs produced by each bird (from 85 to 125 wk of age, n = 27 hens). *The r values are significant at P < 0.05. **The r values are significant at P < 0.01. ***The r values are significant at P < 0.0001. the kidney tubules (Elaroussi et al., 1993) , and transfer calcium to the uterus for shell formation (Navickis et al., 1979) . This reduced capability to mobilize calcium for shell formation could have caused the increase in the medullary component of bone at the end of the second cycle of lay, leading to the noted increases in tibial BMD between 115 and 125 wk of age. The fact that, shell thickness and percentage of shell ( Figure 9 ) declined at 115 and 125 wk of age, at a time when increased tibial mineralization was occurring, suggests that calcium mobilization was impaired in aging hens.
An estrogen deficiency is also known to enhance bone resorption through increased osteoclastic activity leading to age related declines in the structural component of bone . Although the pneumatic humerus can have a medullary component to it (Fleming et al., 1996) , it is considered to be more representative of structural bone. The humerus of hens that were scanned repeatedly throughout the second cycle of lay Values for in vivo bone mineral density and bone mineral content averaged over the age of the hens and averaged over both bones (the humerus and tibia).
2
Sum of the total number of eggs produced by each bird (from 85 to 125 wk of age, n = 27). *The r values are significant at P < 0.05. **The r values are significant at P < 0.01. ***The r values are significant at P < 0.0001. never recovered from the molt (Figure 7 ). It appears that, if the age related decline in estrogen contributes to lower mineralization of bone due to enhanced bone resorption, its effect is more apparent on structural or cortical depletion rather than the medullary component of bone. Because DEXA cannot distinguish cortical from medullary bone (Kim et al., 2004) , any loss of cortical bone in the tibia with age was masked by the increase in its medullary component because of its lack of use towards shell calcification. Whitehead (2004) pointed out that the general net effect of the replacement of structural bone with medullary bone is to weaken the overall strength of the hen's skeleton and thus increase fracture risk.
The current study is not the first to report increased mineralization of medullary bone with age (Wilson et al., 1992; Thorp, 1994) . The pedigree line of hens used in the current study during the second cycle of lay were the same hens used by Schreiweis et al. (2004) in which they reported age related increases in BMD during the first cycle of lay for both the tibia and the humerus. Likewise, Franzen et al. (2002) reported a linear increase in the BMD of both the tibia and the humerus of a commercial strain of White Leghorn as they aged (comparing less than 19, 29, and more than 70 wk of age). An age-related increase in tibial BMD occurred in a commercial strain of White Leghorn hens housed in enriched or conventional cages during the first cycle of lay; however, the BMD of the humerus during this same time of lay remained relatively unchanged (Kopka et al., 2003; Hester et al., 2004) . McCoy et al. (1996) reported that femur density and tibial bone breaking strength of ISA Brown hens increased with age, regardless of whether hens were diagnosed as osteoporotic or non-osteoporotic. Twenty-three weeks following a molt, Hisex hens had increased strength of the humerus and tibia at 86 wk of age as compared with the end of molt at 53 wk of age (Gregory et al., 1991) . Wardell et al. (2004) also showed that the percentage of trabecular volume of the tibia was higher at 60 wk as compared with 20-wk-old hens. Breeder ducks at sexual maturity (24 wk of age) showed dramatic increase in the BMD of the femur and tibia as compared with prepuberty. Mineralization of these medullary bones remained high throughout lay, at least to 48 wk of age . Some of the increases in bone mineralization with age were due to death of osteoporotic hens earlier in lay, with the surviving hens late in lay showing stronger skeletal integrity . Death loss from osteoporosis ranges from 15 to 30% of all mortalities among caged egg-laying strains of hens (Roland and Rao, 1992 ) with a mean age of death of 45.5 wk (McCoy et al., 1996) .
The tibia showed higher BMD and BMC than the humerus (Figures 7 and 8) , which is in agreement with Schreiweis et al. (2004) . The greater medullary component of the tibia compared with the humerus most likely contributed to the higher tibial BMD and BMC.
Correlation of egg traits with bone traits suggests that, if hens were genetically selected for improved skeletal integrity, shell quality and egg weight would not be negatively impaired. The negative correlation between the total number of eggs produced and tibia ash weight ( Table  2 ) would suggest that the hen's skeletal integrity is compromised due to high rates of lay; however, all other bone measurements tests showed no correlation with egg production. Similar findings have been reported by Whitehead (2004) , who indicated a negative correlation (r = −0.36, P < 0.001) between total egg number and bone index, an estimator of bone quality. In the current study as well as Schreiweis et al. (2004) , correlation analysis suggests that selection for improved bone quality would result in an increase in hen BW. As a result of this relationship between BW and skeletal traits, the genetic selection program used by Bishop et al. (2000) to improve bone strength in egg layers used a restricted selection index so as to maintain a constant BW.
Skeletal integrity is best measured by quantifying bone breakage. Our results showed that as BMD and BMC decreased in White Leghorns, the incidence of bone breakage increased (Table 2 ). The results of the current study and those of Schreiweis et al. (2004) reported a positive correlation between bone mineralization and breaking strength, suggesting that hens with lower BMD would be more susceptible to bone fracture. Interestingly, in the present study, the incidence of breakage did not correlate with the biomechanical tests of bone breaking force, stress, or modulus of elasticity. Instead, correlation coefficients indicated that DEXA scans of excised bones and ash weight were better predictors of bone breakage than biomechanical testing.
The incidence of bone breakage of spent hens in the current study was high and not unlike previous reports. Hens commercially processed had 35% incidence of broken bones per bird (Gregory and Wilkins, 1989) similar to the present study of 34% incidence of broken bones per bird. A range of 0 to 61% incidence of broken bones per bird in the present study was similar to the range reported by Gregory and Wilkins (1989) of 16 to 68% broken bone incidence per hen. The keel bone was broken the most frequently in the current study ( Figure 10 ). The low breast muscle mass in modern hybrid laying hens may have left the keel particularly vulnerable to fracture (Fleming et al., 2004) . Damage to the keel can arise from contact with the cage front during depopulation, and femur breaks can occur commonly during shackling . The high prevalence of breaks in the keel, ischium, and pubis of the current study probably indicates that during carcass processing, the equipment and procedures used damaged those bones located more externally in the carcass. This breakage finding is in agreement with that of Gregory and Wilkins (1989) , who showed that most of the breakages occurring in the ischium and pubis occur during evisceration. In the current study, hand evisceration rather than automated evisceration was used, which could have led to more breakage of bones, specially the ribs. During dissection, old breaks were observed in the humerus, femur, and ulna (2.9%). Likewise, Whitehead and Fleming (2000) reported that the humerus and ulna were the 2 bones most frequently having old breaks. In a survey conducted by Gregory et al. (1990) , 5% of caged birds had old breaks that had healed.
In conclusion, we have demonstrated that densitometric readings of the excised tibia were negatively correlated to the incidence of bone breakage in processed carcasses of spent hens. The traits of BMD and BMC correlated well with invasive bone measurements such as bone breaking strength and bone ash weight. These results suggest that DEXA may be used to assess for differences in bone mineralization, fragility, and susceptibility to fractures. We have also demonstrated that feed withdrawal for 10 d during an induced molt was detrimental to the skeletal integrity of a pedigree line of White Leghorns. Evidence toward recovery postmolt was also provided considering the gradual increase in BMD after birds had been returned to ad libitum consumption of calcium-enriched food. And, finally, results from the present study suggest that alternatives to feed withdrawal during an induced molt should be addressed in an attempt to avoid compromising the skeletal integrity during molt.
